Human monocytes and neutrophils store transforming growth factor-alfa in a subpopulation of cytoplasmic granules Calafat, J.; Janssen, H.; St?hle-Backdahl, M.; Zuurbier, A.; Knol, E.; Egesten, A.
M from promonocyte in bone marrow to peripheral blood monocyte and tissue macrophage, as well as in peripheral ONOCYTES and neutrophils originate from the myeloid line of differentiating cells in the bone marrow and enter the blood stream to play a role in host defense blood neutrophils and their bone marrow progenitors using immunoelectron microscopy. The presence of TGF-a in against invading microorganisms. 1,2 However, these cells these cells was confirmed by enzyme-linked immunosorbent also have a pathophysiologic role in diseases such as asthma assay (ELISA) and in monocytes, the presence of TGF-a and rheumatoid arthritis. 3, 4 Monocytes change their pheno-mRNA was studied by in situ hybridization. type after recruitment into tissues and develop into tissuespecific macrophages, for example Kupffer cells in the liver,
MATERIALS AND METHODS
Langerhans' cells in the skin, and alveolar and spleen macrophages. 4 Tissue-macrophages can produce and release sev- and peroxidase-negative granules, in approximately equal were obtained from CLB (Amsterdam, The Netherlands). Goat-antinumbers. 5 The peroxidase-positive granules contain proteins rabbit IgG linked to 5-nm gold particle and goat-antimouse IgG such as myeloperoxidase, elastase, and cathepsin G. 6 The linked to 5-nm or to 10-nm gold particles (Amersham Nederland's-Hertogenbosch, The Netherlands), heparin and varidase (Lederle, content and function of the peroxidase-negative granules are Madrid, Spain), Dextran (Dextran T 500) and Percoll (Pharmacia as yet unknown. Neutrophils are terminally differentiated Fine Chemicals, Uppsala, Sweden), interleukin-10 (IL-10) and intereffector cells and also contain peroxidase-positive (azuroferon-g (IFN-g) (Genzyme, Boston, MA), TGF-a ELISA kit (Oncophil) and peroxidase-negative (specific and gelatinase) grangene Science Inc), and Yssel's medium (Gemini Bioproducts, Calaules. Azurophilic granules contain proteolytic and bacteribasas, CA) were obtained from the manufacturers. Incubation cidal proteins. The contents of the specific and gelatinase granules are also known. 7 Transforming growth factor-a (TGF-a) is a secreted mitoeffects in target cells such as mitogenic signaling 13 and pro- a is present in human monocytes in all stages of maturation medium for the cells contained 132 mmol/L NaCl, 6.0 mmol/L KCl, cells/mL. Monocytes (3 1 10 6 /mL) were incubated with IL-10 (400 U/mL) and IFN-g (400 U/mL) in Yssel's medium. The cells were 1.0 mmol/L CaCl 2 , 1.0 mmol/L MgSO 4 , 1.2 mmol/L potassium phosphate, 20 mmol/L HEPES, 5.5 mmol/L glucose, and 0.5% (wt/ incubated for 24 hours at 37ЊC in a humid atmosphere containing 5% CO 2 and processed for electron microscopy. vol) human serum albumin, pH 7.4.
Isolation of Monocytes and Neutrophils Isolation of Immature Monocytes and Neutrophils
Blood was obtained after informed consent from healthy volun-Bone marrow was obtained from healthy volunteers. Bone marteers and approval of The Institutional Review Board. The blood was row-aspiration was performed by iliac crest or sternal puncture after collected in 0.4% (wt/vol) trisodium citrate (pH 7.4) for immediate informed consent. The aspirates were mixed with 3 mL McCoy's anticoagulation. After 1:1 dilution in phosphate-buffered saline medium (Sigma, St Louis, MO) containing 100 IU of heparin and (PBS) containing human serum albumin (0.5% wt/vol), the blood 75 U of Varidase. The marrow cells were layered on 12 mL of was fractionated by density gradient centrifugation over isotonic isotonic Percoll with a specific gravity of 1.068g/mL. After centrifu-Percoll (specific gravity of 1.077 g/mL, at 800g, for 18 minutes, gation (20 minutes, 1,000g, 20ЊC), the cells on top of the Percoll 20ЊC). The interphase, containing the mononuclear cells, was sepalayer were collected and processed for immunoelectron microscopy. rated into pure lymphocyte and monocyte fractions by countercurrent centrifugal elutriation as described 16 ; each fraction was more than Cryoultramicrotomy and Immunolabeling 90% pure. After two washes in PBS, the monocytes were resuspended in incubation medium. The pellet fraction, containing eryth-Bone marrow cells, monocytes, and neutrophils from peripheral blood were prepared as described above and were fixed with a mix-rocytes and granulocytes, was treated for 10 to 15 minutes with ice-cold isotonic NH 4 Cl solution (155 mmol/L NH 4 Cl, 10 mmol/L ture of 0.5% glutaraldehyde and 4% paraformaldehyde (PFA) in 0.1 mol/L PBS (pH 7.2) for 1 hour and pelleted in 10% gelatin in PBS. KHCO 3 , 0.1 mmol/L EDTA, pH 7.4) to lyse the erythrocytes. The cells were centrifuged at 4ЊC (270g for 4 minutes) and residual Nasal polyps obtained from patients suffering from allergic rhinitis undergoing polypectomi, were cut in small pieces and fixed as de-erythrocytes were lysed for another 3 minutes. The remaining granulocytes were further purified by negative selection with immunomag-scribed above immediately after extraction. The gelatin slabs and the pieces of polyps were stored at 4ЊC in PBS containing 1% PFA. netic beads and CD9 MoAbs against the contaminating eosinophils. Purity of the neutrophils was greater than 99%. The cells were Small pieces of gelatin and polyps were infiltrated with 2.3 mol/L sucrose/polyvinylpyrrolidon-10 in PBS for 4 hours, mounted on pins, resuspended in incubation medium at a final concentration of 10 7 and frozen in liquid nitrogen. About 80 nm cryosections were made uranyl acetate. All sections were examined with a Philips CM10 electron microscope (Eindhoven, The Netherlands). on a MT-7 cryoultramicrotome (Research and Manufacturing Co, Tucson, AZ) and incubated at room temperature with mouse MoAb to TGF-a (dilution 1:20) for 1 hour followed by 1 hour incubation Morphometry with 10 nm gold-conjugated goat antimouse IgG (1:40). In double-Size measurements and counts were performed on electron microlabeling experiments when the sera used derived from different spegraphs of monocytes at different stages of differentiation or after cies, the cryosections were first incubated with a mixture of the sera, cell activation. The cells were selected at random and at least 10 followed by incubation with a mixture of goat-antirabbit IgG linked cell sections were examined for each stage. The TGF-a-positive to 5 nm gold and goat-antimouse IgG linked to 10 nm gold (both granules were counted and the surface of the cytoplasm was meadiluted 1:40) when both sera used were derived from mouse, the sured with an X-Y tablet (Kontron, München, Germany; MOP-Vidsections were first incubated with mouse anti-TGF-a and antimouse eoplan). IgG linked to 5 nm gold and then treated with 1% glutaraldehyde for 10 minutes to prevent any interference between the different
Determination of TGF-a Protein
antibody gold complexes on the sections, 17 followed by incubation with the other mouse antibody and antimouse IgG linked to 10 Pellets of monocytes (ú90% pure, mainly contaminated with lymphocytes and basophils) and neutrophils (ú99% pure) were lysed nm gold. For the controls, the primary antibody was replaced by a nonrelevant murine or rabbit antiserum. After immunolabeling, the in ice-cold PBS containing 0.1% Tween 20, 0.2% cetyltrimethylammonium bromide (CTAB), 0.2% bovine serum albumin, 20 mmol/L cryosections were embedded in a mixture of methylcellulose and EDTA for 30 minutes. The TGF-a content was measured using a dry milk in T-TBS (50 mmol/L Tris, pH 8.0, 150 mmol/L sodium chloride, 0.05% Tween 20) and the MoAb to TGF-a was used at a quantitative ELISA kit. This assay uses affinity-purified goat poAbs specific for human TGF-a. dilution of 10 mg/mL in T-TBS plus 1% gelatin. Blots were developed in TM (200 mmol/L Tris, pH 9.5, plus 10 mmol/L MgSO 4 ) with 300 mg/mL nitro blue tetrazolium and 100 mg/mL 5-bromo-4-
Western Blot
chloro-3-indolyl-phosphate. As a control, also recombinant TGF-a Monocytes and neutrophils were lysed in 1% Triton (50 mmol/L protein (Mw 5,500 kD, Oncogene) was run under similar conditions Tris, pH 8.0, 150 mmol/L NaCl, 0.02% sodium azide, 100 mg/mL and showed a clear band around 5 kD. Probing with a control MoAb phenylmethylsulfonylfluoride, and 1% Triton X-100) for 30 minutes to human semenogelin (a kind gift of Dr Johan Malm, Malmö, on ice, mixed with an equal amount of a solution containing 1% Sweden) was negative. sodium dodecyl sulfate (SDS) and 1% b-mercaptoethanol, and heated for two minutes at 95ЊC. Gel electrophoresis of the lysates
In Situ Hybridization
were performed on 14% Tris-Glycine gels. Proteins were transferred to nitrocellulose membranes and probed with MoAb to TGF-a as Tissues. Formalin-fixed paraffin-embedded archival bone marrow sample from an 80-year-old man with myelodysplastic syn-described. 18 Briefly, nonspecific binding was blocked with 5% nonfat healthy volunteers, isolated as described above, were centrifuged 
mean number of TGF-a-positive granules per cross-section
In situ hybridization was performed essentially as described preis the highest in promonocytes (24.5), decreases slightly for viously. 19 Briefly, sections were treated with proteinase K (Sigma the monocytes present in peripheral blood (18) and sharply Chemicals) and washed in 0.1 mol/L triethanolamine buffer condecreases for the macrophages (3.3) or after incubation of taining 0.25% acetic anhydride. Sections were hybridized overnight the monocytes with IL-10 and IFN-g (7.05). To rule out that with 2.5 1 10 6 cpm of labeled antisense or sense probe at 55ЊC.
this decrease of the positive granules after activation is only
Washed slides were dipped in Kodak NTB-2 emulsion (Eastman-Kodak, Rochester, NY), prediluted 1:1 with distilled water, and apparent and related to cell spreading, we have also meaprocessed for autoradiography as described. 19 After development of sured the surface of the cytoplasm and calculated the density the photographic emulsion, slides were stained with hematoxylin of TGF-a-positive granules: promonocytes, 10.3 granules and eosin.
per 10 mm 2 (10 cross-sections analyzed); monocytes, 6.5 granules per 10 mm 2 (21 cross-sections analyzed); macro-RESULTS phages, 1 granule per 10 mm 2 (10 cross-sections analyzed), and monocytes incubated with IL-10 and IFN-g, 2.5 granules Using immunoelectron microscopy, the subcellular localper 10 mm 2 (20 cross-sections analyzed). Again the density ization of TGF-a was studied in monocytes and neutrophils; of positive granules is the highest in promonocytes and detheir progenitors from bone marrow and mature cells from creases at the same rate as shown for the amount of granules peripheral blood, and macrophages present in nasal polyps.
in Table 1 . The cellular specificity of the immunogold localization of TGF-a in monocytes and neutrophils was confirmed by the Characterization of the TGF-a-Positive Granules in absence of staining in lymphocytes present in the same sec-Monocytes tions. No labeling was found in the controls of each experiment where the primary antibody was replaced by a nonrele-To characterize the TGF-a-positive granules in monovant murine or rabbit antiserum.
cytes from peripheral blood, double-labeling experiments were performed using antibodies against TGF-a, in combi-TGF-a in Monocytes/Macrophages nation with antibodies to components of the peroxidase-positive granules: myeloperoxidase, proteinase-3, and elas-In promonocytes from the bone marrow, as well as monotase 6,20 ; or antibodies against albumin, a marker for a rapidly cytes from bone marrow and peripheral blood, TGF-a was mobilizable pool of secretory vesicles 21 ; or antibodies against localized in abundant electron-dense granules (Figs 1 and  CD63 , a membrane-anchored glycoprotein present in many 2). The pattern of granules was similar in bone marrow membrane-bound granules of granulocytes. 22, 23 No colocalpromonocytes (Fig 1) and mature monocytes (Fig 2) . These ization of TGF-a was found with proteinase-3 (Fig 5a) , mycells can be distinguished by the presence of bundles of eloperoxidase (Fig 5b) , elastase (Fig 5c) , or albumin (Fig filaments in the cytoplasm and a rounded or oval nucleus in 5d). These results indicate that the TGF-a-positive granules promonocytes. Indications for the release of TGF-a-posidiffer from the peroxidase-positive granules and from the tive granules came from monocytes incubated for 24 hours secretory vesicles. CD63 labeling was found on the memwith IL-10 and IFN-g and thereafter labeled with anti-TGFbrane of the TGF-a-positive granules (Fig 5e) . To study a. At the ultrastructural level, these monocytes have an actiwhether CD63 is also present in peroxidase-positive granvated appearance (Fig 3) : ruffles on the cell membrane on ules, monocytes were double-labeled with antiproteinase-3 one side, the nucleus localized at the opposite side and less and anti-CD63 and colabeling with both antibodies was also TGF-a-positive granules than in untreated cells. Moreover, found (not shown). the remaining TGF-a containing granules are located underneath the cell membrane, mainly under the ruffles. Macro-TGF-a in Neutrophils phages in nasal polyps (Fig 4) contained very few TGF-apositive granules.
In the neutrophilic promyelocytes from the bone marrow, a few TGF-a-positive vesicles were found (not shown).
To assess the decrease of the TGF-a-positive granules These vesicles were more abundant in the neutrophilic my-was observed in all lanes containing lysates from monocytes (Fig 8) . Each lane represents one donor. No bands could be elocytes (Fig 6a) . In Fig 6b, an area of a neutrophilic myelodetected in the lanes containing neutrophil lysates (not cyte is shown where the TGF-a-positive vesicles look like shown), probably because of the relatively small amount of multivesicular bodies and multilaminar structures, 24 in both, TGF-a in these cells. TGF-a is bound to the membrane. TGF-a was also found in cytoplasmic vesicles in peripheral neutrophils (Fig 7) .
Detection of TGF-a mRNA in Bone Marrow and in To characterize these vesicles, sections were double-labeled
Monocytes by In Situ Hybridization with anti-TGF-a and antibodies against lactoferrin of neu-
The expression of the TGF-a gene was studied in monotrophil specific granules 25 (Fig 7a) , gelatinase of neutrophil cytes from peripheral blood and in their bone marrow progenigelatinase-containing granules 26 (Fig 7b) , cathepsin G of tor. For this we used bone marrow from a patient with myeloneutrophil azurophilic granules 27 (Fig 7c) , and albumin of displastic syndrome, with a preponderance of promonocytes. secretory vesicles 28 (Fig 7d) . TGF-a did not colocalize with Figure 9A shows that monocytoid cells from the bone marrow any of these markers, suggesting that the TGF-a-containing hybridized specifically with 35 S-labeled antisense RNA for granules differ from the three main kinds of granules in TGF-a, whereas no specific autoradiographic signal was neutrophils and from the rapidly mobilizable pool of secrefound in red blood cells present in the same sections. Figure  tory vesicles.
9B shows a Wright-Giemsa stained section from a surrounding region of the same bone marrow, a predominance TGF-a in Monocytic and Neutrophil Lysates of monocytoid cells is clearly visible. In monocytes from Monocytes and neutrophils were pelleted and lysed to peripheral blood of healthy donors, no TGF-a mRNA could quantify TGF-a using ELISA. Monocytes were found to be detected ( Fig 9C) whereas, in the same monocytes, specific contain 257 { 40.5 pg of TGF-a/10 6 cells, but neutrophils signal was evident for b-actin mRNA ( Fig 9D) . much less: 2.5 pg of TGF-a/10 6 cells. Lysates from four DISCUSSION different donors were also run on gels and transferred to nitrocellulose membranes for Western blotting. A band cor-In this study, we show that TGF-a is stored in a large number of peroxidase-negative granules of promonocytes responding to a molecular weight of approximately 10 kD and monocytes and in a few granules in tissue macrophages.
TGF-a mRNA in monocytes from the peripheral blood, also not by using the more sensitive reverse trancriptase polymer-Incubation of monocytes with IL-10 and IFN-g decreased the number of TGF-a containing granules suggesting that ase chain reaction (PCR) method (data not shown). The expression of the TGF-a gene seems to reappear during mono-these factors induce exocytosis of these granules. In addition, TGF-a was detected by ELISA in extracts from purified cytic conversion to stimulated tissue-macrophages because macrophages exposed to lipopolysacharide (LPS) induction peripheral monocytes and neutrophilic granulocytes, and TGF-a mRNA was found to be present in monocytoid cells show TGF-a gene expression, 11 as do wound macrophages. 15 Taken together, this would imply that the TGF-a gene is from the bone marrow. In neutrophils, TGF-a was seen in a cytoplasmic granule compartment that is not related to expressed and the polypeptide synthesized in bone marrow progenitors of monocytes and stored in granules, while the azurophilic, specific, or gelatinase granules or secretory vesicles.
gene is downregulated in the resting monocyte transported in the bloodstream. TGF-a gene expression is turned on This is the first time that TGF-a is shown to be present in granules of monocytes and neutrophils, as well as their during monocytic conversion to stimulated tissue macrophage where it can play a role in processes such as inflam-bone marrow progenitors. These findings indicate that the gene is expressed early in maturation and the protein is stored mation and wound repair. However, the regulation of the secretion of TGF-a by monocytes/macrophages not only oc-in a granule. This was also confirmed, in the case of the development of the monocyte, by the identification of TGF-curs at the transcriptional level, but also by induction of exocytosis of the TGF-a-containing granules. We show that a mRNA in monocytoid cells from the bone marrow by in situ hybridization. Using this technique, we could not detect TGF-a is stored in a large number of granules in monocytes and their number is reduced after incubation with IL-10 and IFN-g. Also the number of TGF-a-containing granules is reduced in tissue macrophages. Moreover, we could detect by ELISA (data not shown) a release of TGF-a in the medium after the incubation of monocytes with the combination of phorbol ester and ionomycin, fMLP or with the combination of cytochalasin B and fMLP. In all cases, the release of TGF-a was at least four times higher than the release from monocytes incubated with medium alone. The exocytosis of TGF-a-containing granules can be the explanation why Madtes et all 11 detected a basal level of TGF-a in the medium of macrophages cultured without LPS, whereas no transcription of the gene could be demonstrated.
TGF-a is synthesized as a transmembrane polypeptide of 
